159 1 


02 Patent Application Publication (o) Pub. No.: US 2009/0257555 1 


(43) Pub. Date: Oct. 15, 2009 


is a continuation-in-part of application No. 10/330, 
000, filed on Dec. 26, 2002, now abandoned, Continu- 
ation-in-part of application No. 11/551,991, filed on 
Oct. 23, 2006, now Pat. No. 7,551,715. 


(60) Provisional application No. 60/424,357, filed on Nov. 
6, 2002, provisional application No. 60/729,528, filed 
on Oct. 24, 2005, provisional application No. 60/729, 
548, filed on Oct. 24, 2005, provisional application No. 
60/748,909, filed on Dec. 9, 2005. 


Publication Classification 


(51) Int. Cl. 


GOIN 23/04 (2006.01) 

GOIN 23/201 (2006.01) 
/ AANS 378/57: 378/87 
(57) ABSTRACT 


Aninspection system, and inspection methods, based upon an 
imaging enclosure characterized by an enclosing body. A 
source of penetrating radiation and a detector module are 
concealed entirely within the body of a conveyance such as a 
trailer. A characterizing value or an image is formed with 
respect to an inspected object that is disposed entirely outside 
the conveyance and the characterizing value or image is made 
available to a remotely disposed operator. Additional detec- 
tors may be disposed distally to the inspected object and may 
detect transmitted, or forward-scattered, penetrating radia- 
tion. 


as) United States 


Chalmers et al. 


(54) X-RAY INSPECTION TRAILER 


Alex Chalmers, Norwood, MA 
(US); Louis W. Perich, 
Londonderry, NH (US); Peter J. 
Rothschild, Boston, MA (US); 
William John Baukus, Nashua, 
NH (US); Jeffrey Schubert, 
Somerville, MA (US) 


(75) Inventors: 


Correspondence Address: 

Sunstein Kann Murphy & Timbers LLP 
125 SUMMER STREET 

BOSTON, MA 02110-1618 (US) 


American Science and 
Engineering, Inc., Billerica, MA 
(US) 


(73) Assignee: 


(21) Appl. No.: 12/368,736 


(22) Filed: Feb. 10, 2009 


Related U.S. Application Data 


(63) Continuation-in-part of application No. 11/608,957, 
filed on Dec. 11, 2006, now Pat. No. 7,505,556, which 
is a continuation-in-part of application No. 11/238, 
719, filed on Sep. 29, 2005, now Pat. No. 7,218,704, 
which is a continuation of application No. 10/442,687, 
filed on May 21, 2003, now Pat. No. 7,099,434, which 


Oct. 15, 2009 Sheet 1 of 2 US 2009/0257555 1 


US 2009/0257555 1 


Oct. 15, 2009 Sheet 2 of 22 


Patent Application Publication 


Patent Application Publication Oet. 15, 2009 Sheet 3 22 US 2009/0257555 Al 


FIG. 3 


Patent Application Publication Oet. 15, 2009 Sheet 4 of 22 US 2009/0257555 Al 


Patent Application Publication Oet. 15, 2009 Sheet 5 of 22 US 2009/0257555 Al 


Imaging 


50 Meters 


FIG. 5 


Power 


2 
— 
₪ 
2 
₪ 
= 
כ‎ 
To) 


504 


502 
Operator 


Patent Application Publication Oet. 15, 2009 Sheet 6 22 US 2009/0257555 Al 


FIG. 7 


FIG. 6 


Patent Application Publication Oet. 15, 2009 Sheet 7 22 US 2009/0257555 Al 


410 414 


FIG. 6 


FIG. 9 


Patent Application Publication Oet. 15, 2009 Sheet 8 22 US 2009/0257555 Al 


602 


414 


600 


500 


FIG. 10 


Patent Application Publication Oct. 15, 2009 Sheet 9 of 22 US 2009/0257555 Al 


FIG. 1 


112 


CONTROLLER 


+ 
É 
= 


FIG. 12B 


FIG. 124 


US 2009/0257555 A1 


Sheet 10 of 22 


Oct. 15, 2009 


Patent Application Publication 


Patent Application Publication Oet. 15, 2009 Sheet 11 of 22 US 2009/0257555 Al 


= 
O 
* 


304 


FIG. 3 


Patent Application Publication Oct. 15, 2009 Sheet 12 of 22 US 2009/0257555 Al 


FIG. 15 


Patent Application Publication Oet. 15, 2009 Sheet 13 of 22 US 2009/0257555 Al 


2 


0/0 
- 
ו 


2 


= 


FIG. 17 


Patent Application Publication Oet. 15, 2009 Sheet 14 of 2 US 2009/0257555 Al 


50 
S 
90 
15 m 
, ee RR — 
15 
FIG. 8 
1 ` Container 
or other 
90 N stationary 
50 target 
15 20 
127 | ASN. EE L-2- 
15 


42 


FIG. 19 


Patent Application Publication Oet. 15, 2009 Sheet 15 of 22 US 2009/0257555 Al 


Patent Application Publication Oet. 15, 2009 Sheet 16 of 2 US 2009/0257555 Al 


FIG. 22 


vl 


ET DIA 


vl 


US 2009/0257555 1 


Oct. 15,2009 Sheet 17 of 22 


Patent Application Publication 


Patent Application Publication Oet. 15, 2009 Sheet 18 of 2 US 2009/0257555 Al 


o 
© 


14 


FIG. 24 


Patent Application Publication Oet. 15, 2009 Sheet 19 of 22 US 2009/0257555 Al 


80 


FIG. 26 


ול 


LO DIA 


‘919 
‘solueyoew 

OEM D. 
uoddns 


. 
me — — e e Á e e — ——— ee — e — e — 
z 
— === 
2 -= 2 —EUEUꝑũ———— 7 — = 
--- 
- 
— 22002 22 -77 - 
. - en n n re a 
— — ב‎ nr T A 
an = 


- 
mA 
- 7 


-- 
- - 


US 2009/0257555 1 


Oct. 15, 2009 Sheet 20 of 22 


Patent Application Publication 


Patent Application Publication Oet. 15, 2009 Sheet 21 of 22 US 2009/0257555 Al 


FIG. 26 


Patent Application Publication Oet. 15, 2009 Sheet 22 22 US 2009/0257555 Al 


68 


. 
—— 
— e > 
— ma a 
mo cm q 


68 


chopper 
ground \ hoop 


support 
hardware 

mechanics 

etc. 


FIG. 30 


Oct. 15, 2009 


x-ray flux. In current systems, as the distance between the 
X-ray system and the object increases or as the flux decreases, 
the image resolution and quality (as manifest in the signal- 
to-noise, for example) decreases. The decrease in quality is 
substantially caused by the reduction of backscattered flux 
captured by the detectors. Current backscatter x-ray imaging 
systems locate detectors adjacent to the x-ray source, allow- 
ing the combined system of source and detectors to be as close 
as possible to the object being inspected. The proximity of the 
system to the object creates a high quality image without the 
need for a high x-ray flux. 

[0007] However, there are many applications, especially 
security and surveillance applications, where a larger dis- 
tance between the imaging system and the object to be 
inspected would be desirable. One such application is where 
personnel to be inspected might be carrying explosive devices 
carried under clothing or concealed in backpacks or bags and 
the risk of suicide detonation is present. Suicide bombings 
have often entailed large quantities of metal shrapnel packed 
around the explosive to maximize the lethality of the device, 
typically nuts, nails, or ball-bearings. 

[0008] Current x-ray inspection systems are often inad- 
equate in such applications and are rarely used in applications 
requiring distances greater than five feet. Current systems can 
counteract the decrease in image quality by increasing the 
size of the detectors or using higher flux x-ray sources. How- 
ever, if the distances are too great, the detectors required will 
be impractically large. Additionally, as the flux increases, so 
will the objects exposure, which poses a problem when the 
object is, or may contain, a person. 

[0009] One scenario for backscatter inspection from a 
mobile inspection vehicle is described in U.S. Pat. No. 7,099, 
434, to Adams et al., issued Aug. 29, 2006 and incorporated 
herein by reference. Embodiments of that invention can be 
highly effective at detecting large quantities of explosives or 
other organic materials in vehicles or other containers. One 
consideration, however, is that metal objects (such as artillery 
shells) within a metallic container (such as a vehicle) may not 
be well-detected unless favorably silhouetted against a 
brightly scattering background of organic material. 

[0010] Another issue for backscatter technology is that it 
can sometimes be difficult to image organic materials when 
they are placed within or behind significant amounts of 
high-Z material, such as steel. An example of this might be a 
small quantity of explosive concealed in the trunk of a 
vehicle. Because the backscattered x-rays are typically 
detected in the backward direction (scatter angles typically in 
the range 140º<0<180º), the average energy of the scattered 
X-rays is quite low (about 68 keV for a primary x-ray beam 
from a 225 kV x-ray source). These low-energy x-rays are 
then greatly attenuated by the steel body of the vehicle, result- 
ing in a greatly reduced number of scattered x-rays being 
detected in the backscatter detectors. This problem is often 
exacerbated because the scattered x-rays reach backscatter 
detectors having passed through an intervening steel surface 
at an oblique angle, resulting in an effective thickness of steel 
that is greater than the actual gauge of the steel. 


SUMMARY OF THE INVENTION 


[0011] In accordance with one aspect of the invention, in 
one of its embodiments, a method is provided for employing 
penetrating radiation to inspect an object. The method has 
steps of: 
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[0001] The present application is a continuation-in-part 
application of copending U.S. Ser. No. 11/608,957, filed Dec. 
11, 2006, itself a continuation-in-part application of U.S. Ser. 
No. 11/238,719, filed Sep. 29, 2005, now issued as U.S. Pat. 
No. 7,218,704, which is a continuation application of U.S. 
Ser. No. 10/442,687, filed May 21, 2003, now issued as U.S. 
Pat. No. 7,099,434, which was a continuation-in-part of U.S. 
Ser. No. 10/330,000, filed Dec. 26, 2002, and claimed priority 
from U.S. Provisional Application Ser. No. 60/424,357, filed 
Nov. 6, 2002, as does the present application. All of the 
foregoing applications are incorporated herein by reference. 
[0002] The present application is also a continuation-in- 
part of copending U.S. Ser. No. 11/551,991, filed Oct. 23, 
2006, and claims priority, through that application, to U.S. 
Provisional Patent Applications, Ser. No. 60/729,528, filed 
Oct. 24, 2005, Ser. No. 60/729,548, filed Oct. 24, 2005, and 
Ser. No. 60/748,909, filed Dec. 9, 2005. All of the foregoing 
applications are incorporated herein by reference. 


TECHNICAL FIELD 


[0003] The present invention relates to devices and meth- 
ods for remote sensing and imaging of items concealed, typi- 
cally on persons or within enclosed vehicles, by using scat- 
tered x-rays and passive sensing of gamma rays or neutrons 
from within a readily transportable enclosure. 


BACKGROUND OF THE INVENTION 


[0004] X-rays are currently employed for the inspection of 
cargo containers, including motor vehicles, freight pallets, 
etc. Current technology, however, typically requires that 
some structure associated with the inspection system be dis- 
posed on either side of the inspected object. Thus, for 
example, a source of x-rays may be disposed distally with 
respect to the inspected object while a detection system dis- 
posed proximally to the inspected object characterizes the 
x-rays which have traversed the inspected object. In other 
modes of x-ray inspection, described in U.S. Pat. No. 6,292, 
533, issued Sep. 18, 2001 and incorporated herein by refer- 
ence, a source of penetrating radiation is mounted on a move- 
able bed which is driven by a stationary cargo container, while 
a boom extends either a detector or a beam stop to the distal 
side of the cargo container. Current technology, in summary, 
requires that the inspected objects or persons either be moved 
through an inspection system or interposed between a proxi- 
mal examining component and a distal examining compo- 
nent, one including a source and the other including a detec- 
tor. 

[0005] An effective means, however, is desirable for non- 
intrusively examining personnel as well as the interior of 
vehicles, cargo containers, or other objects. In particular, with 
respect to cargo enclosures, it is desirable to detect the pres- 
ence of people, potential contraband, threats, or other items of 
interest, without imposing the requirements and constraints 
of current systems. Combining such an examination with 
passive sensing of radioactive or fissile material would also be 
advantageous. 

[0006] The resolution of information obtained about the 
interrogated object or person is dependent upon a variety of 
factors including the distance between the inspection system 
and the object, and the magnitude and energy spectrum of the 
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[0023] FIG. 3 is a schematic representation of an inspection 
vehicle, in accordance with embodiments of the present 
invention, providing inspection capability to either side of the 
vehicle; 

[0024] FIG. 4 is schematic representation of an embodi- 
ment of the invention in which a source of penetrating radia- 
tion and detection modules are concealed within a container; 
[0025] FIG. 5 shows a modular configuration of an inspec- 
tion system in which distinct functional components of the 
inspection system are disposed within coupled modules; 
[0026] FIG. 6 is a side view of an inspection system 
deployed from within a self-contained trailer; 

[0027] FIG. 7 is a rear view of the trailer-borne inspection 
system of FIG. 6; and 

[0028] FIG. 8 shows a transmission detector placed at the 
far side of a vehicle being imaged according to one embodi- 
ment of the present invention. 

[0029] FIG. 9 shows a forward scatter detector placed 
underneath a vehicle for imaging according to one embodi- 
ment of the present invention. 

[0030] FIG. 10 shows incorporation of a horizontal section 
of a transmission detector and forward scatter detectors into a 
rapidly deployable “speed-bump” according to one embodi- 
ment of the present invention. 

[0031] FIG. 11 shows various functional components 
according to a *Z-Radar”TM embodiment of the present 
invention. 

[0032] FIGS. 12A and 12B show aspects of various signal 
calibration schemes as used in specific embodiments. 
[0033] FIG. 13 shows details of an embodiment in which 
several interrogation points are rapidly established. 

[0034] FIG. 14 shows an inspection system designed to 
inspect personnel. 

[0035] FIG. 15 shows an inspection system designed to 
inspect walls of a building for foreign objects. 

[0036] FIG. 16 shows an inspection system designed to 
located people in an adjacent room with detectors built into 
the walls of the room. 

[0037] FIG. 17 shows an inspection system designed to 
locate people in an adjacent room with detectors located in 
rooms adjacent to the room of interest. 

[0038] FIG. 18 shows an inspection system designed to 
extend the range of existing inspection systems by relocating 
detectors closer to the object being inspection. 

[0039] FIG. 19 shows an inspection system with the source 
of penetrating radiation and detectors located on vehicles 
capable of road travel. 

[0040] FIG. 20 shows an inspection system designed to 
inspect possible IEDs with the detector located on a forward 
deployed robot. 

[0041] FIG. 21 shows a top view of an inspection system 
with the source of penetrating radiation mounted to a swivel 
mount on a vehicle capable of road travel and the detector 
mounted on a drone vehicle. 

[0042] FIG. 22 shows a side view of an inspection system 
with the source of penetrating radiation mounted to a swivel 
mount on a vehicle capable of road travel and the detector 
mounted on a drone vehicle. 

[0043] FIG. 23 shows an inspection system for inspecting 
suspect travelers with the x-ray source mounted in the ceiling. 
[0044] FIG. 24 shows an inspection system for inspecting 
passing cars with the detectors located along the roadway and 
the x-ray source mounted above the roadway. 
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[0012] a. generating a beam of penetrating radiation 
originating entirely within the body of a conveyance; 

[0013] b. scanning the penetrating radiation across the 
object, the object disposed entirely outside the body of 
the conveyance; 

[0014] c. detecting penetrating radiation scattered by the 
object into the body of the conveyance by means of a 
detector module concealed within the body of the con- 
veyance and generating a backscatter signal; and 

[0015] d. transmitting a value of a specified characteris- 
tic of the object to an operator disposed remotely to the 
conveyance, the value based at least in part on the back- 
scatter signal. 

[0016] Inaccordance with other embodiments of the inven- 
tion, the inspected object may be disposed upon a body of a 
person. The method may include further steps of forming an 
image of the object based at least in part on the backscatter 
signal, and of generating a signal based on detection of any 
penetrating radiation naturally emitted by the object. 

[0017] Additionally, penetrating radiation scattered by the 
object in a forward direction may be detected by a forward- 
scatter detector, thereby generating a forward-scatter signal. 
The step of transmitting a value ofa specified characteristic of 
the object to an operator disposed remotely to the conveyance 
may include transmitting a value based at least on both the 
backscatter signal and the forward-scatter signal, moreover, a 
value of a distinct characteristic of the object may be trans- 
mitted to the operator based at least on the forward-scatter 
signal. 

[0018] In accordance with another aspect of the present 
invention, an inspection system is provided for inspection of 
an object by a remotely disposed operator. The inspection 
system has a first conveyance characterized by an enclosing 
body, and a source of penetrating radiation contained entirely 
within the enclosing body for generating a beam of penetrat- 
ing radiation incident upon the object. The system also has a 
detector module, contained, as well, entirely within the 
enclosing body, for generating a signal based upon penetrat- 
ing radiation scattered by the object, and an image generator 
for converting the signal to an image of the object for viewing 
by the remotely disposed operator. 

[0019] In yet further embodiments, the first conveyance 
may be a trailer. There may, additionally, be an operator 
console for operation by an operator remotely disposed 
within a separate module coupled to the first conveyance. A 
forward-scatter detector may be provided, and it may be 
disposed entirely outside the first conveyance. Moreover, it 
may be coupled to a second conveyance. 


BRIEF DESCRIPTION OF THE DRAWINGS 


[0020] The foregoing features of the invention will be more 
readily understood by reference to the following detailed 
description taken with the accompanying drawings: 

[0021] FIG. 1 is a perspective view, cutaway in part, of a 
mobile cargo inspection system deployed on a truck capable 
of on-road travel and scanning of an enclosure such as a 
vehicle or cargo container while one or both of the inspection 
system and enclosure are in motion, in accordance with pre- 
ferred embodiments of the present invention; 

[0022] FIG. 2 is an image of various vehicles as imaged in 
backscatter radiation by the system of FIG. 1 in accordance 
with an embodiment of the invention; 
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tube or a radio-isotope. It is, furthermore, to be understood 
that the term “source” as used herein and in any appended 
claims, and as designated generally by numeral 30 in the 
drawings, refers to the entirety of the apparatus used to gen- 
erate beam 24, and may have internal components that 
include, without limitation, apertures, choppers, collimators, 
etc. 


[0056] Scatter imaging in which the x-rays scattered by a 
material (typically in a generally backward direction) are 
employed offers several unique inspection capabilities and 
operational features. Scatter imaging allows images to be 
obtained even when the imaged object is accessible from only 
one side. Moreover, since the scatter signal falls off quite 
rapidly with increasing depth into the object, backscatter 
images effectively represent a “slice” of the object character- 
istic of the side nearest to the x-ray source, thereby reducing 
problems of image clutter that may confound transmission 
images. The Compton effect, which dominates x-ray scatter 
in the energy range typically employed in accordance with the 
present invention, dominates the interaction of x-rays with 
dense low-atomic-number (low-Z) materials. Narcotic drugs 
tend to produce the bright signatures in a backscatter image, 
as do organic explosives, making backscatter imaging a use- 
ful imaging modality for bomb or drug detection. Finally, 
alignment requirements of the x-ray beam with detectors or 
collimation devices are less exacting than for transmission 
imaging thereby enabling rapid deployment in a wide range 
of inspection scenarios. 

[0057] Flying-spot technology makes possible the acquisi- 
tion of images using detectors specifically positioned to col- 
lect the scattered x-rays. In a typical flying-spot system, a thin 
“pencil beam” of x-rays is rapidly and repetitively swept 
through a source-centered, vertically-oriented “fan” of beam 
paths that are arranged to intercept the object under inspec- 
tion. At the same time, the object is moved at a constant, 
slower speed along a path perpendicular to the fan, on a 
horizontally moving conveyor belt for example. In this way, 
the pencil beam is made to traverse the object in point-by- 
point raster fashion, and the entire object is scanned as it 
passes through the fan plane over a period ranging from a few 
seconds to a few minutes depending upon the length of the 
object. 

[0058] Although the total scan time may be seconds to 
minutes in duration, the actual exposure time of any part of 
the scanned object is only the brief time it takes for the pencil 
beam to sweep across a given pixel. That exposure time is 
typically in the range of microseconds, depending on the 
design and the application, and yields an entrance exposure to 
the scanned object that constitutes a low dose to the object 
also means that there is little radiation available to scatter into 
the environment, so the doses to operators and other bystand- 
ers is correspondingly low. 

[0059] Referring now to FIG. 1, various embodiments of 
this invention make use of systems in which detectors are 
mounted on a mobile platform 710, or conveyance, typically 
capable of road travel, that traverses a large object to be 
inspected such as a vehicle or a cargo container 712. Convey- 
ance 710 is characterized by an enclosure 714, here, the skin 
018 van, shown, in cutaway view, to enable depiction of other 
components of an inspection system. The conveyance can 
have many alternate embodiments, including but not limited 
to gasoline, diesel, electric, propane, battery, fuel-cell, or 
hydrogen-powered motor vehicles (including vans, trucks, or 
similar), tracked vehicles, sleds, trailers, cranes, or other 
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[0045] FIG. 25 shows a top view of the detector located in 
the ground with structural support. 

[0046] FIG. 26 shows a side view of the detector located in 
the ground with structural supports and camouflage layer. 
[0047] FIG. 27 shows a side view of an inspection system 
with an array of detectors, located in the ground, surrounding 
the x-ray source. 

[0048] FIG. 28 shows a top view of an inspection system 
with an array of detectors, located in the ground, surrounding 
the x-ray source. 

[0049] FIG. 29 shows a top view of an inspection system 
where the detectors are free standing monoliths. 

[0050] FIG. 30 shows an inspection system in which the 
signals from detectors at different distances are separated. 


DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 


[0051] X-ray scattering may be employed for inspection of 
personnel, vehicles, cargo, or other objects of interest. The 
term “object” is used inclusively herein to encompass any of 
the above. In systems employing x-ray scattering, x-rays are 
formed into a beam that is directed towards the object of 
interest. When the beam hits the object, scattered X-rays are 
captured by x-ray detectors and various characteristics of the 
scattering object may be ascertained, either globally, or with 
respect to a pixelated image of the object. 

[0052] As used in this description and in the appended 
claims, a “cargo container” is a receptacle for the storage or 
transportation of goods, and includes freight pallets as well as 
vehicles, whether motorized or drawn, such as automobiles, 
the cab and trailer of a truck, railroad cars or ship-borne 
containers. The term “cargo container,’ as used herein, fur- 
ther includes the structures and components of the receptacle. 
[0053] The invention described herein serves to character- 
ize materials which may be contained within a cargo con- 
tainer and thus not readily susceptible to visual scrutiny, or, 
alternatively, may be carried on the person of a human or on 
another animate subject. The characteristics of a material 
which might be the object of non-invasive inspection and 
which lend themselves to detection using the device and 
method taught by the invention include, but are not limited to, 
electron density, atomic number, mass density, linear dimen- 
sions and shape. These characteristics are unveiled by taking 
advantage of the various physical processes by which pen- 
etrating radiation interacts with matter. 

[0054] Penetrating radiation refers to electromagnetic 
radiation of sufficient energy per photon to penetrate materi- 
als of interest to a substantial and useful degree and include 
x-rays and more energetic forms of radiation. The interaction 
of such radiation with matter can generally be categorized as 
either scattering or absorption processes. Both types of pro- 
cess remove x-ray photons from a collimated (i.e., direc- 
tional) beam; scattering processes do so by deflecting photons 
into new directions (usually with loss of energy), while 
absorption processes simply remove photons from the beam. 
[0055] Description of the rudiments of a mobile inspection 
system is to be found in U.S. Pat. No. 5,764,683, issued Jun. 
9, 1998, and incorporated herein by reference. As used in this 
description and in any appended claims, the term “source” is 
used in a broad sense to encompass the entirety of the appa- 
ratus used to generate a beam of penetrating radiation that is 
used to irradiate the object under inspection. The source is 
taken to include the generator of penetrating radiation (the 
“source”, in the narrow sense) which may include an x-ray 
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[0064] Detector modules 100 may also be sensitive both to 
emission naturally emitted by threat materials, as further 
described, for example, in copending U.S. patent application 
Ser. No. 10/156,989, filed May 29, 2002, entitled “Detectors 
for X-Rays and Neutrons,” which is incorporated herein by 
reference. In accordance with various embodiments of the 
present invention, a detector is employed of the type having 
high efficiency for detecting thermal and epi-thermal (inter- 
mediate energy, typically 1-10* eV) neutrons. The detector 
uses the scintillator Gd,O,S, commonly known, and referred 
to herein, as *gadox,” to stop both neutrons and the photons. 
X-ray-induced scintillations from the gadox in the visible 
portion of the spectrum are then detected, typically by pho- 
tomultipliers or photodiodes. Alternative scintillators, such as 
LiF, for example, with high cross sections for detecting ther- 
mal and epithermal neutrons are also within the scope of the 
present invention. 

[0065] Separate, large-area detectors are deployed adjacent 
to the beam plane on the x-ray source side of the scanned 
object, and with their active surfaces oriented toward the 
scanned object. These detectors need only provide a large 
solid angle for collection of scattered radiation; no critical 
alignments are required. In this location these detectors 
respond to x-rays which are scattered generally back toward 
the source from the object. 

[0066] FIG. 3 shows a schematic top view of another 
embodiment of the invention that may advantageously be 
employed for the inspection of objects disposed to either side 
of the inspecting conveyance. 

[0067] In accordance with the present invention, various 
inspection modalities currently in use for detection of contra- 
band materials may additionally be used for finding fission- 
able material in the containers they examine. Some methods 
are passive; i.e., the emission of neutrons or gamma rays from 
radioactive materials may be signatures for an alert. Several 
methods for carrying out such passive measurements are 
described in copending U.S. Provisional Application Ser. No. 
60/396,034, filed Jul. 15, 2002, and incorporated herein by 
reference. Other methods are active; i.e., penetrating radia- 
tion irradiates a container thereby exciting fluorescence of the 
fissile material and the characteristic x-rays of uranium or 
plutonium produce an alert signal. 

[0068] Inspection of object 712 may be conducted by an 
operator disposed within conveyance 710, or, alternatively, 
by a remotely disposed operator. For inspection, object 712 
may be maintained in a stationary condition, with conveyance 
710 traversing the object along direction 720 (forwards or 
backwards), alternatively, inspection may be conducted while 
both conveyance 710 and inspected object 712 are in motion. 
In yet another mode, referred to as a “portal mode)” the 
system is stationary and the object of inspection is conveyed 
past the system. Where the object of inspection is a person, the 
person may be required to walk past the conveyance slowly, 
preferably in both directions, so that both sides of the person 
can be subjected to search. 

[0069] Referring further to FIG. 3, the x-ray beams in x-ray 
inspection systems typically sweep, as by rotation of chopper 
wheel 734, through the inspection volume during a large 
fraction of the operating time. During the remaining fraction 
of each sweep cycle there are essentially no source x-rays 
striking the target container. Thus, during the time of source 
quiescence, the detectors are only counting background. 
[0070] Ina preferred embodiment, particularly useful for 
lower energy (140 keV-160 keV) x-ray systems, the output 
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equipment that can be put into motion, preferably self-pro- 
pelled, but also including vehicles tethered and pulled such as 
under electric power. 

[0060] Contained within enclosure 714 of conveyance 710 
is asource 730 including x-ray tube 732 (shown in FIG. 3) and 
chopper 734. In accordance with preferred embodiments of 
the invention, source energies are typically below 250 keV, 
thus the chopper 734 may be smaller than employed in current 
systems in which higher-energy x-rays are employed. Chop- 
per 734 may be a rotating perforated hub, or a wheel with 
transmitting spokes, or any number of means, known in the 
art, for generation of flying spot beams that lie, typically, in a 
plane approximately orthogonal to the direction of motion 
720. The x-ray tube 732 depicted in FIG. 3, by way of 
example, is a panoramic-style x-ray tube that is capable of 
wide-angle beam generation and additionally may be rotat- 
able to allow scanning on either side of conveyance 710. 
Rotating hoop 734, with apertures 736 and 738, emits a pencil 
beam 724, thereby enabling inspection of objects, possibly on 
either side of the conveyance, herein referred to as “bilateral” 
inspection. However, all sources are encompassed within the 
scope of the present invention when employed in the manner 
described in the present description. The x-ray source and 
detectors may be oriented to permit scanning from the con- 
veyance’s “driver’s side”, “passenger’s side”, or both sides 
simultaneously. 

[0061] Various means are known in the art for mechanically 
or electronically sweeping a beam of penetrating radiation, 
including, for example, the rotating chopper wheel 734 
depicted in FIG. 3 or electronic scanning is described in 
detail, for example, in U.S. Pat. No. 6,421,420, issued Jul. 16, 
2002, which is incorporated herein by reference. In embodi- 
ments employing a mechanical rotating chopper wheel 734, 
as the chopper wheel rotates in the direction of arrow 722, 
penetrating radiation 724 emitted from the target of x-ray tube 
732 passes successively through a plurality (typically, three 
or four) of channels. Wheel 734 is fabricated from a material, 
typically lead, that blocks transmission of x-rays except 
through apertures 736, 738. X-rays 724 emerge from the 
currently illuminated channel as a pencil beam that is swept 
across object 712 undergoing inspection as wheel 734 rotates. 
The dimensions of the beam 724 typically govern the resolu- 
tion of a system such as the one depicted. Aperture 736 may 
have various shapes, and may be circular or rectangular, and 
may be more specifically tailored. Other x-ray generation 
approaches may be used to produce a similar sweeping pencil 
beam, such as spinning discs with elongated slits, wheels with 
hollow spokes, are alternate embodiments. 

[0062] Detector modules 100 are carried by conveyance 
710 and typically enclosed within enclosing body 714 and 
concealed from view from outside the conveyance. They may 
also be carried outside the conveyance for particular applica- 
tions within the scope of the present invention. Detector mod- 
ules contain detectors for detecting penetrating radiation 
from source 730 that has interacted with, and scattered from, 
contents of the inspected object 712. 

[0063] The source of scattering may be characterized as 
anomalous for the nature of the person or item being scanned. 
Thus, a person 50 (shown in FIG. 2) carrying explosives may 
be detected on the basis of locally enhanced x-ray scatter. A 
specified characteristic of the scatter, such as a localization or 
particular disposition with respect to the inspected object, 
may be ascertained in order to determine threat levels of the 
object. 
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be drawn to the site of operation behind a vehicle. FIG. 7 
shows a rear view of the embodiment of FIG. 6. 


Forward Scatter Detection in Backscatter Inspection Sce- 
narios 


[0077] Detection, using illumination by penetrating radia- 
tion, either from a mobile platform such as the Mobile Inspec- 
tion Van described in U.S. Pat. No. 7,099,434, or from a fixed 
platform such as the Ruggedized Detection Imaging Mod- 
ule™ (RDIM), may be enhanced with respect to the detection 
of metal objects, such as might be concealed, for example, 
within a metal container. Embodiments of the present inven- 
tion offer improved detection of a metal object within a metal 
container by adding a stationary transmission detector on the 
other side of the object being scanned with a pencil beam, 
where the source of the pencil beam, and either backscatter, 
forward scatter, or transmission detectors are concealed from 
view from the vantage of the inspected object. 

[0078] Thick metallic materials disposed can be clearly 
seen in the transmission image, derived as shown in FIG. 8, 
where attenuated, or blocked, transmission is due to the high 
attenuation of x-rays in these materials. As used herein, the 
term “metallic” is a proxy for materials of high “Z”, where Z 
represents the atomic number characteristic of the material. 
For example, artillery shells will appear as very dark objects 
in the transmission image, with little or no x-rays penetrating 
through them. Note that this can be done when the Mobile 
Inspection Van 400 is operated either in motion or in the 
stationary portal mode. FIG. 8 depicts source 402 and back- 
scatter detector module 404 disposed within Mobile Inspec- 
tion Van 400, and x-ray beam 406 scanning object 408. Trans- 
mission detection module 410 is here comprised of an upright 
vertical segment 412 and a horizontal segment 414. 

[0079] One way to help mitigate the problem of imaging 
organic materials within or behind significant amounts of 
high-Z material (such as metal) is to add some forward-scatter 
detectors 500 as shown in FIG. 9. Because the forward- 
scattered x-rays 510 detected in these detectors have only 
been scattered through small angles (typically in the range of 
scattering angles, 5º<0<30º), the average energy of the for- 
ward-scattered x-rays is significantly higher than the energies 
of backscattered x-rays (which are typically no greater than 
about 90 keV for a primary x-ray beam from a 225 kV x-ray 
source). This is due to conservation of momentum in the 
Compton scattering process. The higher energy of forward- 
scattered x-rays allows them to more easily penetrate the steel 
in the vehicle body and be detected. The signal from the 
forward-scatter detectors can either be combined with the 
backscatter signal, or it can be displayed separately to the 
operator. 

[0080] A method for integrating the horizontal section of 
the transmission detector 414 and the forward scatter detec- 
tors 500 into a rapidly deployable module is shown in FIG. 10. 
The detectors have been integrated into a re-locatable “speed 
bump” 600 which can be conveniently stored inside the back 
of the Mobile Inspection Van and which is placed on the 
roadway prior to commencing scanning vehicles. If neces- 
sary, the speed bump can be conveniently broken down into 
three smaller modules for storage and ease of handling. The 
vertical leg of the transmission detector would be a separate 
unit set up on the far side of the vehicle being scanned. X-ray 
beam axis 602 is shown. 

[0081] It should be noted that all the claims made in this 
disclosure are applicable not only to the Mobile Inspection 
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from backscatter detectors 100 are switched to a pulse count- 
ing circuit during the fraction of the operating cycle during 
which the source of x-ray irradiation is off. During this 
period, individual neutrons or gamma rays can be detected 
and analyzed. The efficiency of the backscatter detectors ofan 
x-ray inspection system for detecting neutrons or gamma ray 
has been discussed above. 


[0071] Referring only to gamma ray detection for purposes 
of illustration, the 186 keV gamma rays are emitted in 53% of 
the decays of: U but only a thin layer of the bulk uranium is 
accessible since the mean free path of 186 keV gammas in 
uranium is only 0.36 mm. Still, every square centimeter of 
10% enriched uranium will emit two thousand 186 keV 
gamma photons per second, giving rise to a count of 2,000x 
0.004=8 counts for every square centimeter of surface area of 
uranium that faces the detectors. A 1" cube of uranium 
(weighing ~3⁄4 pounds) would signal its presence with ~50 
counts in the 0.2 second off-period of the inspection. A signal 
of this magnitude is easily discriminated. The signal strength 
is further increased by increasing detection efficiency, enlarg- 
ing the detectors, and increasing the off-time of the sweeping 
x-ray beam. 

[0072] In a “stationary mode,” both the system and the 
object being scanned are stationary, and a vehicle-mounted 
x-ray scanning method, configured as a part of the system 
itself, is employed to create in effect both horizontal and 
vertical scanning to generate a backscatter x-ray image. Such 
methods may include the use of an x-y translation stage, 
electronically-steered x-ray sources (as described, for 
example, in U.S. Pat. No. 6,421,420, or other means. 


[0073] In other embodiments of the invention, now 
described with reference to FIG. 4, a source of penetrating 
radiation, including x-ray tube 732 and chopper 734, as well 
as scatter detector modules 100 are included within a static 
imaging module 800, shown with its top panel removed for 
convenience of depiction. In practice, it is advantageous that 
all components of the x-ray inspection system be concealed 
within imaging module 800, so as not to be discernable from 
outside the module. Imaging module 800 is advantageously a 
standard shipping container (such as a TRICON triple con- 
tainer, standardized for ground and air transport), and may 
contain attachment points for helicopter deployment to a 
location where it remains static for some duration. 


[0074] The x-ray beam is swept in a vertical swath, 
depicted schematically by the partial plane designated by 
numeral 802. An inspected object 804, exemplified here by a 
vehicle, is scanned by x-rays as it traverses plane 802. X-rays 
scattered by object 804 are detected by detector modules 100, 
which x-rays transmitted, or forward-scattered, through 
object 804 and detected by transmission or forward-scatter 
detectors (not shown) disposed within a forward-detection 
housing 806. 

[0075] In accordance with preferred embodiments, imag- 
ing module 800 is deployed operationally in conjunction with 
one or more other containers, as shown in FIG. 5, such as 
power module 500 and operator module 502, containing an 
operator console 504, all intercoupled by power and telem- 
etry connections for coupled operation. 

[0076] FIG. 6 shows a side view of an embodiment of the 
invention, in which detector modules are operationally 
deployed outside, rather than within, an enclosure 600, 
where, in this embodiment, the enclosure is a trailer that may 
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be noted, additionally, that in circumstances where no hori- 
zontal spatial resolution is required, detection of relative 
motion is obviated. 

[0092] FIG. 2 depicts a row of five vehicles scanned by a 
system as described in the present application, showing con- 
cealed contents of the vehicles in the various cases. 

[0093] In the drive-by case, dosage to stationary people is 
readily reduced below regulatory thresholds provided vehicle 
speed is maintained above a specified minimum while x-rays 
are on. An interlock is provided to cut off x-ray generation 
when vehicle motion ceases or falls below a specified mini- 
mum speed. Otherwise, x-rays may be enabled regardless of 
proximity to objects. 

[0094] For the stationary case, or for drive-by cases where 
additional safety measures are required or desired, proximity 
sensors, such as laser, microwave, ultrasound, or thermal 
sensors, for example, may be employed to determine the 
presence of objects to be scanned, enabling x-rays only when 
necessary, and/or to discern if humans are in the beam path. 
These sensors typically operate all the time, with their signals 
processed via software and/or hardware to intelligently con- 
trol x-ray generation. The operator may also be provided with 
a manual “x-ray enable/deadman” control, in addition to any 
other safety devices and controls. 

[0095] Features of the present invention may advanta- 
geously be employed in applications including, but not lim- 
ited to, the following: 

[0096] Inspection/manifest verification of container- 
ized, palletized, or other packaged cargo, trucks or trail- 
ers being transported across or staged at ports, borders, 
air terminals, or similar transportation sites. 

[0097] Verification that containers, objects, or vehicles 
are empty as claimed. 

[0098] Inspection of vehicles attempting to enter con- 
trolled or high-value areas such as military bases, power 
plants, tunnels, air terminals, public or government 
buildings, parking garages, lobbies, service or delivery 
areas, tollbooths, or other important installations, for 
contraband or threats such as explosives, weapons, or 
smuggled personnel. 

[0099] Inspection of vehicles or containers parked in 
garages, lots, or on public or private thoroughfares for 
explosives, weapons, contraband, or other threats. 

[0100] Inspection of vehicles in motion for threats, con- 
traband, or to verify contents. 

[0101] Inspection of objects potentially containing 
radioactive materials that produce neutrons and or 
gamma rays. 

[0102] Searching surrendering 
ensure they are not wired. 

[0103] Searching personnel at border crossings/check- 
points to screen out suicide bombers. 

[0104] Scrutinizing persons in large groups. 


soldiers/civilians to 


Distant Detection of Backscatter 


[0105] Embodiments of the present invention (which may 
be referred to as J- Radar T are now described with refer- 
ence to FIG. 11. A backscatter inspection system, designated 
generally by numeral 900, use a collimated beam 102 of 
penetrating radiation, such as x-rays, to illuminate an object 
104 (which, as indicated above, may include a person) at 
relatively large distances, to determine, for example, the 
metallic content on or within the object. An object will be said 
to be disposed at a “large distance” ifthe object of inspection, 
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Van as in the earlier referenced patent application, but also to 
any application of radiation backscatter technology, such as 
in a ruggedized shipping container that contains similar sub- 
systems as a Mobile Inspection Van. 


[0082] Returning now to embodiments of the invention in 
which the relative motion of conveyance 710 and object 712 
(shown in FIG. 1) may be carefully controlled or may be 
monitored by sensor 718 which employs any of a variety of 
sensing methods, such as radar, ultrasound, or optical, includ- 
ing laser or LIDAR sensing, all provided as examples only, in 
order to sense the relative speed of conveyance 710 with 
respect to object 712. A signal provided by sensor 718 is 
employed by controller 740 in one or more of the following 
modalities: 

[0083] The vehicle speed may be regulated, or, alterna- 
tively, the pixel registration may be corrected to compensate 
for vehicle speed anomalies so as to produce aspect-ratio- 
correct, distortion-free, backscatter x-ray images. Relevant 
techniques include but are not limited to: 

[0084] Use of high precision speed-sensing devices to 
accurately measure vehicle speed at low (0.5 to 10 mile- 
per-hour) ranges; 

[0085] low-speed (0.5 to 10 mile-per-hour) electronic 
and/or software-based engine and/or transmission con- 
trols; 

[0086] custom vehicle drive-train gear design, which 
simultaneously produces low vehicle scan speed while 
maintaining the capability of offering roadworthy speed 
ranges, up to at least 55 miles per hour. In this context, 
the cruise-control system of a vehicle may be ‘co-opted’ 
to govern motion at low scanning speeds. 

[0087] over/under-speed indications to the driver, using 
high-precision sensing devices coupled to a dashboard 
indicator, which the driver uses to manually adjust 
throttle and braking to maintain the desired vehicle 
speed within the range necessary to maintain distortion- 
free images; 

[0088] friction drive for driving the wheels of the 
inspecting vehicle during inspection operations; 

[0089] dynamic on-the-fly software correction. This 
method does not attempt to regulate vehicle speed but 
rather uses real-time high-precision vehicle speed and 
speed variation data from on-vehicle sensor(s), of which 
a tire-driven embodiment is designated by numeral 26, 
together with software algorithms which interpolate, 
average or in other ways correct for the aspect ratio 
distortion in the x-ray image data produced by off-speed 
or varying speed. 

[0090] Remote sensing ofthe object’s speed using one or 
more of a variety of sensors 718 and using signals gen- 
erated by sensor 718 in software algorithms together 
with the vehicle speed data to effect dynamic aspect ratio 
correction of the backscatter x-ray image. 

[0091] The foregoing methods for control and correction of 
relative motion variations may be used either singly or in 
combination, within the scope of the present invention. Sen- 
sors 718 may additionally provide for control of x-ray beam 
direction such that the relative speed and track angle of the 
source with respect to the scanned object may be actively 
tracked. This capability may advantageously allow improved 
images to be formed at faster speeds and, additionally, allow 
for relative motion that is not purely unidirectional. It should 
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materials tend to backscatter x-rays somewhat more strongly 
than less dense organic materials, such as the human body. 
[0112] In Table 1, the results of a computer simulation are 
shown for an x-ray backscatter interrogation system operat- 
ing at three source voltages of 160 kV, 450 kV, and 1.2 MeV. 
The simulations involved looking at the backscatter signal 
from a person at various distances, and comparing the signal 
with the signal from a person carrying a steel sheet or a person 
carrying PETN explosive containing ball-bearings as shrap- 
nel. The signal to noise ratio (SNR) is defined by: 


N Person = NPerson+Steel 


V Nperson 


SNR = 


where Ny, is the number of detected backscattered x-rays 
from a person carrying no steel and NS is the number 
of detected backscattered x-rays from a person carrying steel. 
It can be seen that the performance of the 225 kV and 450 kV 
systems is essentially the same, but considerably better than 
the performance of the 1.2 MV system. Since a 160 kV 
system would be much cheaper and more compact than a 450 
kV system, a preferred source voltage is about 160 kV. The 
following Table indicates the results ofa computer simulation 
showing the signal-to-noise ratio for detecting metal on a 
person (in the form of a steel sheet or 8 matrix of 0.25" 
ball-bearings) with an x-ray backscatter interrogation system 
operating at three different source voltages and various stand- 
off distances. 


Standoff Distance SNR SNR 


Source Voltage (feet) (Steel) (Ball Bearings) 
160 kV 50 77.2 47.5 
100 11.5 9.8 
150 3.3 27 
450 kV 100 11.1 9.9 
1.2 MV 100 4.4 4.5 


Calibration of the Backscatter Signal 


[0113] As discussed above, some embodiments employ 
techniques for calibrating the strength of the detected back- 
scatter signal with a reference signal in order to determine 
whether the signal from an interrogation point is low enough 
to signify the presence of metal. This can be done in a number 
of ways: 

1. Determine the distance to the target object being interro- 
gated (for example, by using information from the video 
system or using a laser range finder) and use lookup tables to 
determine the maximum backscatter signal for metallic mate- 
rial. One disadvantage of this approach is that the system 
hardware should be relatively stable. 

2. Compare the signal strength from a number of interroga- 
tion points from objects all at approximately the same dis- 
tance. 

3. Compare the signal strength from a number of interroga- 
tion points 202, 204 from different locations on the same 
object. This approach is shown schematically in the FIG. 
12A. 

4. Acquire a line scan 210 (shown in FIG. 12B) consisting of 
many interrogation points across the object, and look for 
regions 208 on the object where the backscatter brightness is 
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or a relevant portion thereof, subtends an angle of less than 5° 
in any direction as viewed from the source of illumination. 
Penetrating radiation may also include, for example, waves in 
other portions of the electromagnetic spectrum, such as 
gamma rays, but will be referred to, herein, as x-rays, without 
intended loss of generality. When the penetrating radiation is 
comprised of x-rays, the x-rays may be generated by an x-ray 
source such as x-ray tube 110. 


[0106] Penetrating radiation 106 scattered by the inspected 
object is detected in large-area x-ray detectors 108, and the 
signal generated by detectors 108 is compared, by controller 
112, with the expected signal from organic objects illumi- 
nated with x-rays at that distance. Objects containing metals 
absorb the x-rays, resulting in a backscatter signal which is 
lower than the signal expected from a purely organic object. 


[0107] Inspected objects can include without limitation 
people or any object which consists mostly of organic mate- 
rial, on or within which a determination of the metallic con- 
tent is desired. For example, the metallic shrapnel used by a 
suicide bomber to maximize the lethality of the explosive 
being carried may be detected, or the presence of metallic 
weapons, such as guns and knives may be detected. 


[0108] In some embodiments, the object to be examined is 
initially located and tracked with a system utilizing one or 
more video cameras 114, although any other optical or non- 
optical means may also be employed, within the scope of the 
invention. FIG. 11 shows various functional components 
according to one specific embodiment of the present inven- 
tion. Video cameras 114 of an optical surveillance system 
monitor an area of interest. A steerable x-ray source 110 is 
mounted on a base 116 which can rotate and translate the 
position of a penetrating x-ray beam generated by x-ray tube 
110. Backscatter detectors 108 detect the backscattered 
x-rays 106 from the target object 104 being illuminated. The 
video tracking system may be used to point the x-ray beam 
onto the object of interest. A shutter (not shown) can then be 
opened to allow the x-rays to briefly illuminate the target 
object for a pre-determined time period (known as the inter- 
rogation time). A data acquisition system records the intensity 
of a signal received from the backscatter detectors. 


[0109] Referring now to FIGS. 12A and 12B, in order to 
accurately calibrate the backscatter signal intensity, several 
illumination points (or “interrogation” points) 202, 204 can 
be chosen on the target 200, or on similar targets at the same 
distance. If the signal from one or more interrogation points 
appears significantly lower than that from the other interro- 
gation points, it can be used to indicate the presence of metal- 
lic materials. On that basis, in accordance with embodiments 
of the invention, a descriptive category is determined, such as 
that of a heightened security threat according to pre-estab- 
lished security threat criteria, and appropriate action can then 
be taken accordingly. 


[0110] Embodiments may also be suitable for determining 
the presence of organic materials on or within objects which 
largely consist of metallic materials. An example of this could 
be looking for explosives concealed in the door of a vehicle. 
For this application, interrogation points with a higher than 
expected signal are indicative of the presence of concealed 
organic material. 

[0111] For objects which are relatively close to the x-ray 
source, the backscatter signal can also be used to detect the 
presence of dense organic material (such as explosives) con- 
cealed on an organic target object with a lower density. These 
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quality at a given distance. Long range imaging systems have 
a variety of security applications. Reduced dose imaging 
systems are particularly important for the inspection of 
people. 

[0118] An inspection system in accordance with preferred 
embodiments of the present invention is now described with 
reference to FIG. 14. A source 12 of penetrating radiation 
directs a beam 20 of penetrating radiation at object 16. Source 
12 of penetrating radiation is disposed, with respect to object 
16, such that the inspected field of view is less than 0.1 
steradians (sr). Object 16 scatters flux 22 which is detected by 
detector 14. Detector 14 is disposed, with respect to the 
object, such as to subtend greater than 0.5 steradians in the 
field of view of the object. 


Application to Inspection of Walls for Foreign Objects 


[0119] In one embodiment of the present invention, now 
described with reference to FIG. 15, the inspection system is 
configured to rapidly inspect walls for unwanted objects, or 
perform a variety of non-destructive testing applications such 
as looking for flaws hidden under the body panels of automo- 
biles. 

[0120] FIG. 15 shows a configuration where source 12 is 
moved to the center of room 26, from which source 12 can 
rapidly scan walls 24 of room 26 with penetrating radiation. 
Detectors 14 are placed near to walls 24. In this configuration, 
the system can image all of the sections of walls 24 that are not 
covered by detectors 14. The positions of detectors 14 can 
then be shifted to allow the inspection system to scan the 
remaining areas. If source 12 is not displaced when detectors 
14 are moved, then both images can be stitched together in 
software to provide a modest quality image of room 26. 
[0121] Regions that are found interesting can be scanned 
more closely using traditional methods whereby both source 
12 and detector 14 are placed as close as possible to the area 
under inspection. 

Application to Locate People in Rooms from Adjacent 
Rooms 

[0122] In another embodiment of the present invention, 
shown in FIG. 16, source 12 is located in an adjacent room 28 
and detectors 14 may either be built into walls 24, as shown in 
FIG. 16, or located in adjacent rooms 28, as shown in FIG. 17. 
Concealment of detectors may be advantageous in particular 
applications. Wireless transmitters 30 can be used to connect 
detectors 14 to a data processing apparatus 32 co-located with 
X-ray source 12. 

[0123] In such a configuration, operators are able to first 
produce a low-dose/low-quality scan that might provide 
enough information to separate perpetrators from victims. 
Then, if needed, higher quality higher-dose images could be 
produced of the perpetrators. In this way, high dose could be 
limited to a hostage taker while minimizing dose to innocent 
hostages. 


Application to Extend Rage of Existing Inspection Systems 


[0124] Asshown in FIG. 18, AS&E presently builds a back- 
scatter imaging product known as the Z-Backscatter Van™ 
(ZBVTM), described, for example, in U.S. Pat. No. 7,099,434. 
The ZBV, designated generally by numeral 90, is optimized 
for a target distance of 2-5 feet. ZBV 90 is often deployed in 
*portal mode”, meaning that the ZBV, with X-ray source 12 
and detectors 15, is stationary, while target 13 (typically 
vehicles) drive through the scanning x-ray beam 20. 
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significantly lower than for the rest of the object 206. This 
approach is shown schematically in FIG. 10B. 

[0114] One method for simultaneously acquiring interro- 
gation data and obtaining 8 reference signal is illustrated in 
FIG. 13. In this embodiment, the collimation scheme, such as 
multiple collimators 302 allows for several highly-collimated 
x-ray beams 304 to be produced simultaneously. Å rotating 
shutter 306, disposed within x-ray cone beam 308 produced 
by x-ray source 300, is then used to ensure that at any instant 
only one ofthe beams is actually illuminating the target object 
104. For the example shown in FIG. 13, this means that four 
interrogation points can be acquired in the time that it takes 
the shutter to rotate through one revolution. One advantage of 
this embodiment is that the speed of operation of the system 
can be enhanced, as the beam collimators do not physically 
have to be re-directed between interrogation points. The sys- 
tem may only have to be targeted once onto the central region 
of a suspicious object. The number of beams and their orien- 
tation with respect to each other can be optimized for the 
particular target objects being inspected. 

[0115] One specific embodiment of the present invention 
operates as follows: 

1. An operator identifies a suspicious target which he wishes 
to interrogate with the system. This could be done, for 
example, by clicking a mouse on the suspicious object in a 
video image. The operator may wish to identify, for example, 
a person wearing bulky clothing or carrying a backpack. 

2. The interrogation system then sends out a pulse of x-rays in 
a highly-collimated beam, directed at the target object. By 
comparing the return backscatter signal with a reference sig- 
nal (using one of the calibration methods discussed above), 
the system automatically determines the threat level of the 
object. 

3. The system then alerts the operator, who can then deter- 
mine what further action needs to be taken. If the threat 
determination is deemed to be uncertain, the system could 
continue to track the suspicious target using a video tracking 
system, and could perform a further confirming interrogation 
(if required) at a closer distance. 

4. For confirmed threats (targets with substantial metallic 
content), the system may then initiate further inspection using 
additional systems that employ other inspection or detection 
modalities, such as x-ray backscatter imaging, mm-wave 
imaging, or terra-Hertz spectroscopy. These may be used to 
confirm the presence of weapons or explosives on or within 
the target object. 


Bi-Static Compton Scatter Imaging 


[0116] Equipment and methods are presented here to 
extend the useful range of Compton scatter imaging systems 
by separating the location of the x-ray detectors from the 
x-ray source. In each application the detectors are closer to 
the subject than the rest of the imaging system, allowing for 
more scattered flux to be collected than if the detectors were 
co-located with the x-ray source and other equipment. The 
arrangement of source, target, and detector is analogous to 
many applications of bi-static radar. 

[0117] Because a number of factors figure in the ability to 
form images from a distance, extending the useful range of a 
backscatter imaging system may provide one or more of the 
following advantages: better image quality for a given dis- 
tance, larger field of view for a given image quality at a given 
distance, shorter scan time to produce a given image quality at 
a given distance, and reduced dose to target for a given image 
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detector 14, detector 14 can be moved to a new location while 
x-ray source 12 does not move, and then a second image is 
produced. These sequential images could be combined (to 
increase the effective flux) and mixed in different ratios to 
exploit different possible shadow configurations. 


Application Using Forward Deployed Mobile Detectors to 
Scan a Roadside for IEDs 


[0133] A fully mobile variant of the previous embodiment 
is capable of ‘sweeping’ for roadside IEDs, as shown in FIG. 
21. X-ray source 12 is mounted on vehicle 46. Vehicle 46 may 
or may not be armored. A beam chopper wheel (not shown) 
scan beam 20 in a direction perpendicular to road 48 while 
vehicle 46 drives slowly in the direction of road 48, in order to 
produce a 2-D image. Detector 14 would drive ahead of 
vehicle 46 on a small robotic drone vehicle 42. If cable man- 
agement between the vehicle 46 and robotic drone vehicle 42 
poses a problem, then cabling can be replaced by wireless 
communication system 50 to direct robotic drone vehicle 42 
and receive signals from detector 14. 


[0134] As depicted in FIG. 22, x-ray source 12 may be 
attached to swivel mount 52, so that either side of road 48 can 
be imaged, or object 40 lying in road 48 can be inspected. 


[0135] Variations in the speed of vehicle 46 can cause dis- 
tortions in the image. These variations typically do not inhibit 
the interpretations of backscatter images, however, the dis- 
tortions might be more problematic in long-range applica- 
tions. A scan drive might be employed to regulate the speed of 
both vehicle 46 carrying x-ray source 12, and robotic drone 
vehicle 42 carrying detector 14. 


[0136] A greater challenge is posed by uneven road sur- 
faces and bumps in the road. These cause x-ray source 12 to 
bounce up and down, producing corresponding distortions in 
the image. Although these distortions are usually not a prob- 
lem for scans at a distance of a few feet, their effect will grow 
in proportion to the distance. A change in the attitude of the 
vehicle of one degree, for example, will move beam 20 only 
1" ata distance of 5 feet. However, beam 20 will be displaced 
by 6" at a distance of 30 feet. A given distortion will be even 
more apparent (relative to existing systems) because long 
range systems such as the present invention will typically 
work with much smaller fields of view than have been used on 
short range systems. 


[0137] In accordance with various embodiments of the 
invention, x-ray source 12 is stabilized using the same tech- 
nologies that are used to stabilize the cannon on a modern 
tank. Since the chopper wheel (not shown) itself is large 
gyroscope, the chopper wheel may be mounted on a suspen- 
sion of gimbals and shock absorbers to minimize changes in 
attitude of x-ray beam 20 while vehicle 46 moves over uneven 
terrain. 


[0138] The image is much less sensitive to changes in the 
position of detector 14. Changes in attitude or elevation of 
detector 14 during a scan would cause only small changes in 
the shadowing of the image, which would not interfere with 
interpretation of the image, and would likely not even be 
noticed. 


Application for Surveillance of Select Vehicles or Persons 
Traversing a Defined Passageway 


[0139] In another embodiment of the bi-static backscatter 
concept, persons or vehicles subject to inspection might be 
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[0125] In the portal operating mode, the range of the ZBV 
90 is extended by deploying additional detectors 14 nearer to 
target 13, as shown in FIG. 18. Such a configuration may have 
the following advantages over reliance on ZBV’s on-board 
backscatter detector array 15: 

[0126] In the event of a detonation of the target, only 
auxiliary detectors 14 would be destroyed. 

[0127] An arbitrary number of detectors 14 could be 
deployed, allowing users in the field to trade cost for 
added image quality when and where needed. 

[0128] Positions of detectors 14 can be rearranged by the 
user to vary shadowing; to emphasize data from side 
scatter or forward scatter; or even to produce transmis- 
sion x-ray images. 

Detectors 14 can transmit data to ZBV 90 electronics by using 
wireless transmitters 50. The only power needed by detectors 
14 is direct current provided by power supplies for the pho- 
tomultiplier tubes, which may be powered by batteries, and 
power for the wireless transmitters 50. Alternately, power and 
signal cables may be used to connect ZBV 90 to detectors 14. 
[0129] Detectors 14 are one of the lighter components of 
the overall x-ray system. A small number of auxiliary detec- 
tors can fit into the coach of ZBV 90. A larger supply of 
detectors can be towed in a small trailer (not shown) behind 
ZBV 90, or transported in other support vehicles (not shown). 
As shown in FIG. 19, in order to operate ZBV 90 in drive-by 
mode (where ZBV 90 drives past target 13 in order to scan 
X-ray beam 20 over target 13), auxiliary detectors 14 are 
mounted on robotic drone vehicles 42. In this scenario a 
wireless link is used to transmit instructions to robotic drone 
vehicles 42, and to receive data from detectors 14. 


Application Using Forward Deployed Mobile Detectors to 
Inspect Possible IEDs or Left-Behind Packages 


[0130] An inspection system for detecting possible impro- 
vised explosive devices (IEDs), in accordance with the 
present invention, is now described with reference to FIG. 20. 
Detector 14 is mounted on small robotic drone vehicle 42. 
Small robotic drone vehicle 42 brings detector 14 close to 
IED 40 while x-ray source 12 remains at a safe distance with 
the operator (not shown). Although robotic drone vehicle 42 
is arelatively high cost component compared to a backscatter 
x-ray system, small robotic drone vehicles 42 designed for 
military applications have often survived explosions, and 
robotic drone vehicle 42 could be further protected with blast 
armor. 

[0131] The location of detector 14 with respect to IED 40 
causes different shadowing effects in the resulting image. If 
detector 14 is placed on only one side of primary x-ray beam 
44, the image will have shadows analogous to what one would 
see in a photograph with the camera at the position of x-ray 
source 12 and with a light source at the location of x-ray 
detector 14. These shadows often prove useful in interpreting 
images, as they give objects a three dimensional appearance 
and make certain edges more apparent. More edges can be 
enhanced by moving detector 14 to a new location, or using 
several detectors simultaneously with data from each detector 
14 processed separately. Experiments at AS&E have shown 
that the effect can be even more useful when images from 
several detectors at two or more angles are mixed in different 
ratios. 

[0132] Two or more detectors 14 on two or more robots 42 
can be used to fully exploit this detector mixing concept. 
Alternately, after a single image is produced using a single 
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by that fraction of detector area which is blocked by solid 
parts of structural support grid 62. The structural support grid 
62 will not produce artifacts of any kind in Compton scatter 
images, because Compton scatter x-ray images are spatially 
modulated by the movement of the primary x-ray beam, 
rather than by pixilation of the detectors 14, as is the case in 
most transmission x-ray and optical imaging systems. 
[0149] Detector 14 may be concealed, by camouflage 64, or 
otherwise, in some cases, at the further expense of attenuating 
the x-ray signal. In outdoor applications, a thin layer of dirt or 
leaves might be used. In an airport walkway a thin sheet of 
plastic with decorative patterns could obscure any identifying 
features of detector 14. 


Application for Broad Area Surveillance 


[0150] In another embodiment, shown in FIGS. 27 and 28, 
an array of detectors 14 is located in regions of interest, and 
the entire region may be “painted” by single x-ray source 12. 
[0151] Detectors 14 are arrayed in or on the ground in the 
region for surveillance. X-ray source 12 is in a central loca- 
tion, able to “shoot” at all regions where detectors 14 are 
located. This way X-ray flux used for imaging each pixel of a 
given target is roughly independent of distance, because no 
matter where in the region object 82 stands, object 82 is still 
roughly the same distance from the nearest detectors 14. 
X-ray source 12 might scan azimuthally through as much as 
360 degrees, in a manner similar to a radar system. 

[0152] In this continuous sweep mode, once the scan area is 
surveyed, the backscatter signal at any point should not 
change unless a new object were introduced. Therefore, a 
computer could monitor the image, or just the integrated 
signal from any given region in the image, and alert human 
operators in the event ofa change. A sudden increase in image 
density might indicate the presence of a living intruder (per- 
son or animal). More subtle changes might indicate motion of 
objects (e.g. vehicles entering the region, or movement of 
camouflaged people/vehicles that have been hiding in the 
region since before the scan started). Alternately, an optical or 
infrared imaging system might be used in a similar way to 
automatically detect potential threats. Once a potential threat 
is flagged, the system could automatically begin a more 
detailed Compton x-ray scan to produce an image to be ana- 
lyzed by a human operator. 

[0153] Pressure sensors (not shown) might be integrated 
with detectors 14 in the ground. In this case, the pressure 
sensors would be the first detection system. Then a computer 
might automatically aim the X-ray beam 20 at the region in 
question and produce an image. 

[0154] A continuous sweep mode may also be used to scan 
a crowd for potential suicide bombers. 


[0155] Pressure sensors integrated with detectors 14 and 
placed in the ground around detectors 14 may be used to sense 
when object 82 is moving in parallel with the path of the 
beam. This information can be used by an automatic safety 
system to limit the dose to object 82 by shutting off beam 20 
or changing the sweep path. The best solid angle coverage is 
achieved with a tiled pattern of detectors 14 ‘carpeting’ the 
ground. 

[0156] In certain embodiments of the invention, detectors 
14 may be camouflaged by thin layer of dirt, or otherwise 
concealed, although some forms of camouflage may result in 
a reduction in signal. Alternatively, or additionally, detectors 
14 may also be hidden in above-ground objects such as arti- 
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directed to traverse a well defined region. This region might 
be a walkway in an airport or a roadway or tunnel through 
which vehicles pass. 

[0140] Existing concepts for inspecting every person in 
such a situation require space for a complete backscatter 
source and detector adjacent to the through-way. Moreover, 
subjects must pass through the beam at a specified speed, 
subjects are only inspected from the side, and every subject 
passing through the inspection area must be irradiated. 
[0141] Situations where any one of the above constraints is 
unacceptable can be addressed by a configuration such as is 
shown in FIGS. 23 and 24. X-ray sources 12 are attached to 
pivoting mount 54 aimed to select any arbitrary subset of a 
larger region for scanning with x-ray beam 20. 

[0142] Ineach 01 these systems, operators select person 56 
(in FIG. 23), or vehicle 58 (in FIG. 24), and paint only that 
target with X-rays. Person 56, or vehicle 58, can be studied for 
as long as it is within passageway 60 which is lined with 
detectors 14. 

[0143] If passageway 60 is a narrow hallway, (or if the 
roadway passes through a tunnel) then detectors 14 can easily 
be concealed in walls and/or ceiling or disguised as part of the 
walls or ceiling. In some circumstances it might also be 
feasible to build detectors 14 into the surface of passageway 
60. In a configuration where detectors 14 are deployed in the 
walls, floor, and ceiling of a tunnel, it is possible to achieve 
coverage of nearly 47 sr, thereby making use of the greatest 
possible fraction of scattered photons. Such a system 
achieves far higher collection efficiency of scattered photons 
than current near-field, Compton scatter imaging systems. 
[0144] As shown in FIG. 23, x-ray sources 12 may be 
located in the ceiling so operators are better able to steer 
around uninteresting people. In FIG. 25, x-ray sources 12 are 
drawn at the side of passageway 60. However, in a tunnel, 
X-ray sources 12 may also be suspended from the ceiling. 
[0145] The use of multiple X-ray sources 12, or even a 
single x-ray source 12 which can be aimed from the middle 
towards both ends of passageway 60, allows operators to 
image person 56 or vehicle 58 from multiple angles. If mul- 
tiple X-ray sources 12 are aimed at the same object, or objects 
that are near to one another, then the X-ray sources 12 need to 
be electronically synchronized so that at any instant, only one 
is shooting. 

[0146] Encoders on the source-aiming mechanics may be 
used to identify target location(s) and only allow signal from 
nearest detectors to be processed, in order to limit electronic 
noise and air scatter. 

[0147] By imaging person 56 or vehicle 58 from a distance, 
speed becomes a less critical factor than in near field imaging 
systems, because angular speed is much smaller when viewed 
from a distance. Imaging the target from an angle that is 
nearly in line with the target’s direction of motion further 
reduces apparent angular movement and further facilitates the 
imaging of a moving object. 

[0148] Detectors 14 built into the floor or road surface, as 
shown in FIGS. 25 and 26, must be able to support the weight 
of any object 80 (people, animals, or vehicles) that might 
move over them. Strong solid supports such as steel plates are 
typically not used on the fronts of Compton scatter detectors 
because the energy of the Compton scattered x-rays is typi- 
cally too low to penetrate such structures. However, structural 
support grid 62 made of a structural material (such as steel) 
can be placed over detector 14, as is shown FIGS. 25 and 26. 
The detection efficiency of detector 14 will only be reduced 
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module concealed within the body of the conveyance 
and generating a backscatter signal; and 

d. transmitting a value of a specified characteristic of the 
object to an operator disposed remotely to the convey- 
ance, the value based at least in part on the backscatter 
signal. 

2. Å method in accordance with claim 1, wherein the object 

is disposed upon a body of a person. 

3. A method in accordance with claim 1, further compris- 
ing: 

forming an image of the object based at least in part on the 
backscatter signal. 

4. A method in accordance with claim 1, further compris- 

ing: 

generating a signal based on detection of any penetrating 
radiation naturally emitted by the object. 

5. A method in accordance with claim 1, further compris- 

ing: 

detecting penetrating radiation scattered by the object into 
the forward-scatter detector and generating a forward- 
scatter signal. 

6.A method in accordance with claim 5, wherein the step of 
transmitting a value of a specified characteristic of the object 
to an operator disposed remotely to the conveyance includes 
transmitting a value based at least on both the backscatter 
signal and the forward-scatter signal. 

7. A method in accordance with claim 5, further compris- 
ing transmitting a value of a distinct characteristic of the 
object based at least on the forward-scatter signal. 

8. An inspection system for inspection of an object by a 
remotely disposed operator, the system comprising: 

a. a first conveyance characterized by an enclosing body; 

b. a source of penetrating radiation contained entirely 
within the enclosing body for generating a beam of 
penetrating radiation incident upon the object; 

c. a detector module, contained entirely within the enclos- 
ing body, for generating a signal based upon penetrating 
radiation scattered by the object; and 

d. an image generator for converting the signal to an image 
of the object for viewing by the remotely disposed 
operator. 

9. An inspection system in accordance with claim 8, 

wherein the first conveyance is a trailer. 

10. An inspection system in accordance with claim 8, fur- 
ther comprising an operator console for operation by an 
operator remotely disposed within a separate module coupled 
to the first conveyance. 

11. An inspection system in accordance with claim 8, fur- 
ther comprising a forward-scatter detector disposed entirely 
outside the first conveyance. 

12. An inspection system in accordance with claim 11, 
wherein the forward-scatter detector is coupled to a second 
conveyance. 
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ficial rocks or trees, although a large solid angle coverage 
would be unlikely in this case. 

[0157] Detectors 14 may be deployed as free standing 
monoliths 68, as shown in FIG. 29, though a large solid angle 
would require filling much of the area with monoliths 68, 
which might obstruct visual lines of sight from x-ray source 
12 to potential targets of interest. Building 70 and other sen- 
sitive structures might have detectors 14 mounted on the 
building walls. 

[0158] Electronic noise could be limited by only processing 
signals from those detectors 14 that are near the target of the 
x-ray beam 20. 

[0159] Ifthe beam 20 is fired directly towards a detector 14, 
that signal is processed separately, as it would be predomi- 
nantly a transmission image signal rather than a Compton 
scatter signal. Encoders on the source positioning device 
could indicate the position of the x-ray beam spot in order to 
indicate to the control system when detector 14 is in the direct 
path of beam 20. 

[0160] The electronics and software are designed to allow 
the user to deploy and configure any number of detectors 14 
in any chosen configuration. Different terrain and different 
applications would require different configurations and num- 
bers of detectors 14. 

[0161] Air scatter becomes a more important consideration 
when scanning at a distance. Detectors 14 near to the primary 
beam 20 receive an air scatter signal which will ‘fog’ the 
image. The noise caused by this effect might be mitigated by 
reading the signals from detectors 14 at different distances in 
separate channels 74, as is shown in FIG. 30, so that person 76 
is imaged in only one detector, and that image contains only 
the air scatter background from that detector (or the set of 
detectors in that region). Detectors 14 located along the path 
ofthe primary beam 20 which are not near to the target receive 
much less signal from the target and therefore have a much 
higher ratio of noise to signal. The overall signal-to-noise 
ratio would be improved by ignoring the entire signal from 
these detectors. 

[0162] Although various exemplary embodiments of the 
invention have been disclosed, it should be apparent to those 
skilled in the art that various changes and modifications can 
be made which will achieve some of the advantages of the 
invention without departing from the true scope of the inven- 
tion. 


We claim: 

1.A method for employing penetrating radiation to inspect 

an object, the method comprising: 

a. generating a beam of penetrating radiation originating 
entirely within the body of a conveyance; 

b. scanning the penetrating radiation across the object, the 
object disposed entirely outside the body of the convey- 
ance; 

c. detecting penetrating radiation scattered by the object 
into the body of the conveyance by means of a detector 


